Mould growth can have severe consequences both on the health of occupants and on constructions' durability. Mould growth is a very complex process that depends on many factors such as temperature and relative humidity, presence of nutrients, and exposure time. Several mould prediction models, which allow estimating mould growth in building components and performing risk analysis, are available in the literature, such as the updated VTT model or the Biohygrothermal model. A Portuguese typical wall configuration was used for a sensitivity analysis. e importance of insulation (with and without insulation), orientation (north and south), and finishing coating (gypsum-based rendering, medium density fibreboard (mdf ), and untreated wood) for the mould growth phenomenon was tested using both the updated VTT model and the Biohygrothermal model. A total of 12 case studies were investigated. e influence of indoor climate was evaluated by simulating 200 scenarios previously generated using the Monte Carlo method. Each of the scenarios has been applied to the 12 case studies, and 2400 hygrothermal simulations were carried out. Initially, the case studies were simulated using WUFI 1D since both mould growth models require the superficial temperature and relative humidity as input. Simulations were carried out for a one-year period. e updated VTTmodel produced results (mould index-M) ranging between 0.4 (gypsum-based rendering, insulated, and south oriented wall) and 5.9 (untreated wood, noninsulated, and north oriented wall) and the Biohygrothermal model (mould growth) between 10.1 and 406.4 mm for the same case studies. Despite that the effect of the orientation of the wall could be identified, the importance of insulation and nature of substrate was more evident. Although the two models produced overall comparable results, some differences could be found, creating the opportunity to discuss their strengths and weaknesses as well as their sensitivity to the input parameters.
Introduction
Mould growth is a very common problem in dwellings and has been steadily increasing in the last decades due to the growing concerns about energy efficiency of buildings. In fact, higher airtightness of the envelopes and lower ventilation rates provide favourable conditions to enable mould growth. On the other hand, new materials used as interior coatings may also increase the problem [1] .
Several studies performed by the scientific community pointed that mould growth affects not only the durability and performance of the materials but has also a main impact legal directives/guidelines often differs among them. In addition, no accurate and widely applicable information exists about which concentrations do represent a hazard to health [2] . According to the World Health Organization (WHO), pathogenic and toxic mould species are not acceptable indoors and a maximum concentration of 150 CFU/m of a mixture of not very common different mould spores is considered to be acceptable, and if mould belongs to common species that usually occur in the outside air, a maximum concentration of 500 CFU/m is satisfactory [5] .
For mould growth to occur, certain conditions are required. Although these conditions depend on the species, it is possible to generally state that temperature, relative humidity (and the combination of these two), the existence of nutrients and oxygen, and exposure time play a major role in mould development [1, 2, 6] . Krus et al. pointed other parameters that also influence mould growth, like pH value, light, surface roughness, and biotic interactions [7] .
In the last decades, several models have been developed in order to assess mould growth in buildings [1, 2, 4, [6] [7] [8] [9] [10] [11] [12] [13] .
ese models are very interesting tools as their correct application can help prevent damage in buildings. However, it is important a deep knowledge of the models in order to understand their strengths and limitations and to learn how to interpret their results. e VTT model [11] was developed in the Technical Research Centre of Finland (VTT) by Hukka and Viitanen. It is an empirical model based on visual findings of mould growth in pine and spruce sapwood under controlled conditions (laboratory tests).
is model quantifies the mould growth through a mould index (M) that varies from 0 (no growth) to 6 (visually detected coverage 100%). In order to apply this model to other materials rather than wood, new tests were performed in collaboration between VTT and the Tampere University of Technology (TUT), and the mould index was related with other substrates in the updated VTT model also called the Finnish mould growth model. Temperature and relative humidity of the surface, together with the exposure time and the surface characteristics, are the key input parameters considered by the model. e complete formulation of the model can be found in [11, 14, 15] .
To classify the materials, the model establishes four mould growth sensitivity classes: (a) very sensitive, which includes pine sapwood; (b) sensitive, which includes glued wooden boards, PUR with paper surface and spruce; (c) medium resistant, which includes concrete (aerated and cellular concrete), glass wool, and polyester wool; and (d) resistant, which includes PUR polished surface. e model also considers a decrease function in the mould index, when relative humidity and/or temperature are unfavourable for mould growth, as a function of materials characteristics [14] .
e Biohygrothermal model was developed by Sedlbauer et al. [7, 16, 17] based on the isopleth system proposed by Sedlbauer [2] . e model allows calculating the moisture balance in a spore considering transient boundary conditions comprising temperature and relative humidity of the surface. Biological growth is directly dependent not only on the hygrothermal boundary conditions but also on the substrate. For that reason, four different substrate classes are considered: (a) Class 0, which corresponds to the optimal biologic culture medium; (b) Class I, which includes biologically recyclable building materials like wall paper, paper facings on gypsum board, building materials made of biologically degradable raw materials, and materials for permanent caulking; (c) Class II, which includes building materials with porous structure such as renderings, mineral building materials, and certain wood species as well as insulation material not covered by I; and (d) Class III, which corresponds to building materials that are neither biodegradable nor contain any nutrients and for which no isopleth system was developed as it is considered that mould growth is not possible on their surface [17] . e model also includes an additional Class K that was created to differentiate mould species pointed as critical to health considering the optimum culture medium [18] .
According to the Biohygrothermal model, if the course of the moisture content within a spore, which depends on ambient relative humidity, achieves the critical water content inside the spore, which depends on temperature and moisture retention curve for each substrate, mould growth will begin. e growth is expressed in millimetres and, in the beginning of the simulation, it describes the increase of the mycel length. However, this model allows continuous growth as long as there are suitable boundary conditions and, with ongoing growth, unrealistic values of several hundred millimetres can be reached. erefore, these values can only be regarded for a comparative assessment of the risk of mould development, but not as a realistic growth [19] .
Some studies about the comparison of these two models are available in the literature [19] [20] [21] [22] [23] [24] . Both models traduce the influence on mould development of surface temperature, relative humidity, and substrate, but while in the updated VTT model, a decrease in the mould index exists under unfavourable conditions, in the Biohygrothermal model growth is assumed equal to zero in those circumstances. On the other hand, updated VTT model limits mould index to a climate specific maximum value, while the Biohygrothermal model allows continuous growth as long as there are suitable boundary conditions. Although their outputs are different (mould index (−) for the updated VTT model and mould growth (mm) for the Biohygrothermal model), a correlation between them was proposed based on hygrothermal calculations [19] .
ese models have recently been applied in mould risk evaluation. e risk of mould growth when adding interior thermal insulation to a log wall in a cold climate was analysed by Alev and Kalamees [25] . Almeida and Barreira [26] selected critical locations of a gymnasium envelope and monitored superficial temperature and relative humidity during 4 months. e results were used as inputs for comparing the mould growth models. Gradeci et al. [27] proposed a probabilistic-based methodology to assess the performance of façade constructions against mould growth. e methodology takes into account uncertainties related to the biological phenomenon, the climate exposure, and the material properties and integrates several mould growth models in a combined outcome.
Although there are existing studies that use and compare the updated VTT and the Biohygrothermal models, no detailed information exists about their application to Mediterranean countries. In fact, in southern European countries, not only the exterior climate has specific particularities but also the interior climate is much more dependent on exterior conditions as no heating habits exist and "adventitious ventilation" is a common strategy. e main objective of this paper is to present the results of a sensitivity analysis to evaluate mould risk in a wall, using a probabilistic approach based on Monte Carlo simulation.
Methodology
In this work, a sensitivity analysis of the updated VTT and the Biohygrothermal models was made. ree parameters were assessed, coating material, orientation, and the existence of a layer with thermal insulation characteristics, resulting in 12 cases analysed (3 coatings, 2 orientations, and existence or not of thermal insulation). e main aim of the analysis was to evaluate the influence of these three parameters on mould growth. Additionally, a comparison between the results produced by each model was attempted.
e coating materials were selected according to the most common Portuguese construction practices and taking into account the substrate classes in the Biohygrothermal model (Classes I and II) and the sensitivity classes in the updated VTT model (very sensitive, sensitive, and medium resistant), in order to obtain at least one material representative of each group. Table 1 describes the sensitivity class and type of substrate in which each coating material is included.
Surface hygrothermal conditions are also fundamental for mould growth. ese conditions depend essentially on the interior climate, whose variability is highly dependent on the actions and behaviours of the users [28, 29] . In this work, a probabilistic approach was used to evaluate the effect of indoor climate (air temperature and relative humidity). e base case for the interior climate was established in accordance with the typical fluctuation of the interior air temperature and relative humidity on a Portuguese dwelling (black line in Figure 1 ).
After defining a base case, the Monte Carlo method was used to generate 200 new scenarios ( Figure 1 ) assuming a normal distribution for the air temperature and relative humidity and a standard deviation of 20%. e Latin hypercube sampling (LHS) algorithm was selected for the number generation because it provides good convergence of parameter space when compared to the simple random sampling. Each of the scenarios was then applied to the 12 case studies (wall configurations), and a total of 2400 onedimensional hygrothermal simulations were carried out using WUFI 1D, since both mould growth models require the superficial temperature and relative humidity as input. e simulations were carried out for a one-year period. Figure 2 presents schematically the methodology that was used and the cases Id.
e exterior climate was the one of Porto (Portugal), generated by the commercial software Meteonorm in an hourly base [30] (Table 2) . Table 3 presents the materials' main properties used in the hygrothermal simulations, where e is the layer thickness (m), c is the bulk density (kg/m ), ξ is the porosity (m 3 /m 3 ), C dry is the specific heat capacity of the dry material (J/kg·K), λ dry is the thermal conductivity of the dry material (W/m·K), and µ is the water vapour diffusion resistance factor (−). A schematic representation of the wall section can be found in Figure 3 . Advances in Civil Engineering 3
Hygrothermal Simulations
e first step of this research was simulating the interior superficial temperature and relative humidity for the 2400 scenarios. As an example, Figure 4 shows the results of the hygrothermal simulation for the scenario M1_NI_N using the base case as indoor climate (black line in Figure 1 ). Figure 5 synthesizes the results for the entire dataset, including the average, maximum, and minimum values.
Results reveal that the presence of an insulation layer is the most important factor as a clear difference between I and NI cases can be observed. As expected, NI cases present lower temperature and higher relative humidity (differences of 1°C and 5%, approximately). Moreover, a larger variability can be found in NI cases, confirmed by an average coefficient of variation of 13.8% and 15.9% in temperature results, for I and NI cases, respectively, and of 10.3% and 12.5% in the relative humidity results.
In the I scenarios, the effect of finishing coating and orientation is almost imperceptible. On the contrary, in the NI cases, the effect of the finishing coating is more obvious in the north oriented scenarios. Figure 6 shows the maximum mould index obtained for each case study considering only the base case as indoor climate. Although only slight differences in the superficial hygrothermal conditions were found among the dataset, the application of the VTT model exposed a completely different scenario as the mould index ranged from 0.4 (M1_I_S) to 5.9 (M3_NI_N).
Results

VTT Model.
ese differences justified a detailed sensitivity analysis to establish the relative importance of each parameter under this study: finishing coating material, insulation layer, and orientation ( Figure 7) . Only the base case as indoor climate was considered in this analyses. Figure 7 (a) highlights the effect of the finishing material using the north oriented, noninsulated set-up as example.
e maximum mould index was 2.98, 4.41, and 5.86 for the 
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gypsum-based rendering, the medium density breboard (mdf ), and the untreated wood, respectively. For the three materials, the maximum mould index occurred approximately in the same instant, around 2600 hours. Figure 7 (b) uses the north oriented set-up with the gypsum-based rendering, to expose the e ect of the insulation layer. A signi cant di erence between the two cases can be observed as the maximum mould index increases from 0.54 up to 2.98. Furthermore, a time lag between the maximum values is now distinguishable. e maximum mould index in the insulated case occurs around the 3400 hours, but when there is no insulation, it occurs about 1000 hours before. Finally, in Figure 7 (c), it can be con rmed that orientation is the less important parameter. In the gypsum-based rendering, noninsulated set-up, the maximum mould index varies between 2.63 and 2.98. As expected, the higher value occurs in the north oriented case due to the lower incident solar radiation. Despite the small di erence in the maximum mould index value, a time lag between the instants is also visible in this scenario as in the south oriented, it occurs at the 3350 hours, approximately, and about 1000 hours after the north oriented. 
with an insulation layer, while in Figure 8 (b) are the ones without insulation. In addition to the already known importance of the sensitivity class of the coating material, it is observed that in cases with insulation layer, the importance of the variability of the interior climate is more evident. In fact, in the cases without thermal insulation, the value of the mould index has a much lower dispersion, that is, the introduction of the layer reduces the impact of the exterior climate, thus maximizing the importance of the indoor climate. It is also worth noting that the cases with an untreated wood coating and without insulation layer are clearly limited by the model itself (M � 6).
Biohygrothermal Model (Wufi Bio).
e Biohygrothermal model was applied to the entire dataset using Wufi Bio, and the maximum growth was used as the comparison output. e same approach used in the VTT model was applied and Figure 9 shows the maximum growth for the 12 case studies considering only the base case as indoor climate. Once again, large differences between the different case studies can be observed.
e lower mould growth value occurred in the M1_I_S case (10.1 mm) and the highest in the M3_NI_N case (406.4 mm). ese results are in line with the ones obtained with the VTT model, which also pointed out these two cases as the extreme scenarios. Figure 10 depicts the results of the sensitivity analysis.
e effect of the finishing coating material is shown in Figure 10 (a) using, once again, the north oriented, noninsulated set-up as an example case. e maximum mould growth was 255.7 mm, 325.0 mm, and 406.4 mm for the gypsum-based rendering, the medium density fibreboard (mdf ) and the untreated wood, respectively. Since the Biohygrothermal model does not include a decrease factor to take into account unfavourable growth conditions, the first instant in which the maximum mould growth value occurred was used as the "time indicator." In this way, only slight differences can be found between the cases as in the three, the instant was at 5800 hours, approximately. Figure 10 (b) uses the north oriented set-up, with gypsumbased rendering, to expose the large differences found in the mould growth due to the presence of an insulation layer.
e maximum mould growth decreases from 255.7 mm in the noninsulated case to 19.4 mm in the insulated one. Furthermore, this value is reached earlier in the insulated case (4000 hours). Compared with the VTT model, the Biohygrothermal model is more sensitive to the effect of orientation as exposed in Figure 10 (c). e maximum mould growth was 163.2 mm in the south oriented and 255.7 mm in the north one. Both occurred around the same instant.
e importance of variability of the indoor climate is shown in Figure 11 , where the cumulative percentage of the maximum value of mould growth obtained in the 2400 simulations is depicted, separately for the 12 case studies. In Figure 11 (a) are the cases with an insulation layer, while in Figure 11 (b) are the ones without insulation.
In this model, unlike the VTT model, the dispersion of the distribution is not much affected by the presence of the insulation layer. Using as example case the untreated wood (the material with the highest risk of mould growth), it is verified that for both north and south oriented cases, 80% of the maximum values (percentiles between 0.1 and 0.9) are within a range of about 100 mm. For the remaining case studies, an equivalent range is observed.
Discussion.
e results previously presented showed some agreement between the two models as both pointed the same cases as the extreme scenarios. Nevertheless, some differences were also identified such as the highest sensitivity to wall orientation found in the Biohygrothermal model and the more evident effect of the variability of indoor climate in the VTT model. Figure 12 illustrates the relationship between maximum mould index and maximum mould growth in the entire dataset (2400 simulations).
e agreement between the two models was already tested and reported by previous researchers, suggesting the use of a BET function to mathematically describe this relationship [19] [20] [21] . In this work, in addition to the previously mentioned BET function, two approximations were tested: a third degree polynomial function and an exponential function.
e attained coefficient of determination was 0.66 and 0.59, respectively. Although better than the BET function, these coefficients indicate that these functions seem unsuitable to describe the relationship.
Analyzing the results, it is possible to verify that the BET function tends to overestimate the mould growth value when the mould index is high. In addition, this function presents a more interesting performance in the case studies without the insulation layer. e two approximation functions presented in this research (polynomial and exponential), for the same values of mould index, suggest lower values of mould growth. One should also stress that the high number of results with maximum mould index (M � 6) may overestimate the importance of these points and thus bias the functions.
Interesting findings can be drawn if one compares the instants at which the maximum mould index and the maximum mould growth occur as illustrated in Figure 13 . e main conclusion is that the maximum value occurs earlier when the VTT model is used.
is is an obvious consequence of the reduction function included in the model to take into account unfavourable hygrothermal conditions, while in the Biohygrothermal model, the mould growth function can only increase or be stable.
Additionally, clear patterns can be identified on the results of the VTT model. In the noninsulated cases, besides the evident effect of the finishing material, a time lag due to orientation can also be observed. e south oriented scenarios reached the maximum mould index, approximately, 800 hours after the corresponding north oriented cases. is situation disappears when the insulation layer is added. A more random configuration can be observed in the results of the Biohygrothermal model. Nevertheless, a trend for an earlier maximum mould growth in the insulated scenarios can be pointed out.
Conclusions
In this study, the importance of insulation (with and without insulation), orientation (north and south), and finishing coating (gypsum-based rendering, medium density fibreboard (mdf ), and untreated wood) for the mould growth phenomenon was tested using the two most well-known models to assess mould growth: updated VTT and Biohygrothermal. Taking into account the importance of interior climate in the phenomenon and due to its highly variable nature in Mediterranean countries, a probabilistic approach based on Monte Carlo simulation was also implemented. A typical external wall configuration was used as the case study. From the results, the following main findings can be stated: (i) Although only slight differences among the dataset were found in the superficial hygrothermal conditions, the application of the updated VTT and Biohygrothermal models exposed great differences between the simulated scenarios (mould index ranged from 0.4 to 5.9 and mould growth ranged from 10.1 mm to 406.4 mm). (ii) From the three parameters that were assessed, the thermal insulation is the more relevant (relative differences are on average 78%), followed by the coating materials (relative differences are on average around 57%) and, finally, the orientation (relative differences are on average around 18%). e Biohygrothermal model is more sensitive to the effect of orientation than the updated VTT model (relative differences are, on average, 11% for the updated VTT model and 25% for the Biohygrothermal model). (iii) e importance of the variability of indoor climate was confirmed by the results of the Monte Carlo simulation. In the VTT model, in cases with insulation layer, the importance of this variability was more evident. is finding was not so obvious in the Biohygrothermal model. (iv) An agreement between the two models (mould index versus mould growth) was searched. A polynomial and an exponential function were tested to approximate the results of the 2400 simulations, and a coefficient of determination of 0.66 and 0.59, respectively, was attained. (v) e maximum mould index (updated VTT model) occurs earlier than the maximum mould growth (Biohygrothermal model). Maximum mould index occurs on average at 2900 hours and maximum mould growth occurs on average at 5155 hours. is is a consequence of the reduction function included in the updated VTT model to take into account unfavourable hygrothermal conditions that are not considered in the Biohygrothermal model. (vi) Clear patterns can be identified on the results of the VTTmodel when analysing the instants at which the maximum mould index occur. On the contrary, a more random configuration can be observed in the results of the Biohygrothermal model.
e future research will include the use of real data to compare the results provided by the two models and assess which one is the most interesting for modelling mould growth in the Mediterranean climate.
Data Availability
e data are available on request from the corresponding author.
e datasets generated during and/or analysed Advances in Civil Engineeringduring the current study are available from the corresponding author on reasonable request. e large amount of data justifies this option.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
